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Abstract 
This paper presents the mechanical properties of micro-steel fibre (MSF) reinforced magnesium 
potassium phosphate cement (MPPC) composites with multi-composite retarder. The compressive 
strength, flexural strength, flexural toughness and flexural ductility of the MSF reinforced MPPC 
composite (MSFRMC) were experimentally explored. The variables of the experiment included sand-
cement mass ratio, water-cement mass ratio, curing time and fibre volume fraction. In addition, the effect 
of different types of cement on the mechanical properties of MSF reinforced composites was 
investigated. It was found that with the increase of water content in the MPPC paste, the average 
compressive strength, flexural strength and flexural toughness of MSFRMC decreased significantly and 
the ductility of MSFRMC increased slightly. With the increase of MPPC content in the paste, the flexural 
toughness of MSFRMC increased significantly and the flexural ductility of MSFRMC increased moderately. 
With the increase of the addition of MSF, the compressive strength, flexural strength, flexural toughness 
and flexural ductility of MSFRMC improved significantly. The compressive strength, flexural strength, 
flexural toughness and flexural ductility of MSFRMC were high at the early stage of curing, especially 
during the first 3 days. The addition of MSF in MPPC composite improved the compressive strength, 
flexural toughness and flexural ductility significantly more than the addition of MSF in sulphoaluminate 
cement and ordinary Portland cement composites. 
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 34 
Abstract: This paper presents the mechanical properties of micro-steel fibre (MSF) reinforced 35 
magnesium potassium phosphate cement (MPPC) composites with multi-composite retarder. The 36 
compressive strength, flexural strength, flexural toughness and flexural ductility of the MSF 37 
reinforced MPPC composite (MSFRMC) were experimentally explored. The variables of the 38 
experiment included sand-cement mass ratio, water-cement mass ratio, curing time and fibre volume 39 
fraction. In addition, the effect of different types of cement on the mechanical properties of MSF 40 
reinforced composites was investigated. It was found that with the increase of water content in the 41 
MPPC paste, the average compressive strength, flexural strength and flexural toughness of MSFRMC 42 
decreased significantly and the ductility of MSFRMC increased slightly. With the increase of MPPC 43 
content in the paste, the flexural toughness of MSFRMC increased significantly and the flexural 44 
ductility of MSFRMC increased moderately. With the increase of the addition of MSF, the 45 
compressive strength, flexural strength, flexural toughness and flexural ductility of MSFRMC 46 
improved significantly. The compressive strength, flexural strength, flexural toughness and flexural 47 
ductility of MSFRMC were high at the early stage of curing, especially during the first 3 days. The 48 
addition of MSF in MPPC composite improved the compressive strength, flexural toughness and 49 
flexural ductility significantly more than the addition of MSF in sulphoaluminate cement and ordinary 50 
Portland cement composites.  51 
 52 
Keywords: Magnesium Potassium Phosphate Cement; Micro-steel fibre; Strength; Flexural 53 
toughness. 54 
3 
Research Highlights  55 
Mechanical properties of MSF reinforced MPPC composites have been presented 56 
Compressive strength and flexural strength of MSFRMC have been investigated 57 
Flexural toughness and flexural ductility of MSFRMC have been investigated 58 
Compressive and flexural strengths of MSFRMC were high at early stage of curing 59 
Reinforcing effect of MSF was higher in MPPC composites than in SAC and OPC composites 60 
 61 
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1. Introduction 62 
Magnesium Phosphate Cement (MPC) is a new type of binder which forms the chemical bond 63 
through an acid-base reaction between magnesia and phosphate. The MPC was first discovered and 64 
developed as dental cement in the late 19
th
 century [1-3]. Since 1970, MPC has been used to prepare 65 
light magnesium cement foamed material [4] and building materials [5]. It has also been used to 66 
stabilize and solidify wastes [6, 7]. Compared to the Portland cement, the MPC possesses excellent 67 
engineering properties including very rapid setting time, high early strength, low shrinkage, high bond 68 
strength, high abrasion resistance, high durability and ability to set and harden at temperatures as low 69 
as -20° C. Therefore, it has the potential to be used in the rapid repair of airfield runways, bridges and 70 
highways. The research on MPC as a repair and quick construction material has received increased 71 
attention [8-10].  72 
 73 
The ammonium dihydrogen phosphate (NH4H2PO4), as the bisalt of the acid-base reaction, was used 74 
to prepare MPC [11-15]. However, the limitation of using NH4H2PO4 is that some ammonia was 75 
released as a gas during the reaction of magnesia and NH4H2PO4 [8]. The released ammonia created 76 
an unpleasant environment. Potassium dihydrogen phosphate (KH2PO4) has recently been identified 77 
as a good candidate for replacing ammonium phosphate [16]. Previous research on MPC prepared 78 
with KH2PO4 indicated that the performance of composite was mainly influenced by the reactivity of 79 
magnesia, the molar ratio of magnesia-phosphate (M/P), and the retarder and water content [17-22]. 80 
Usually, borax (Na2B4O7·10H2O) is used as a retarder to control the fast reaction. However, the 81 
excessive use of the borax resulted in a decrease of the compressive strength [23]. Addition of a small 82 
amount of sodium tripolyphosphate (Na5P3O10) or sodium dihydrogen phosphate dodecahydrate 83 
(NaH2PO4·12H2O) improved the mechanical properties and controlled the setting time as well [24, 84 
25]. Due to this positive effect of NaH2PO4·12H2O, the setting time and compressive strength of MPC 85 
cured for more than 28 days improved significantly by the addition of a certain amount of multi-86 
composite retarder (CR), which consisted of borax, sodium dihydrogen phosphate dodecahydrate and 87 
calcium chloride [26].  88 
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 89 
Although a significant number of studies were carried out on the development of MPC, the MPC-90 
based composites are typically brittle. Because of the high volume of cementitious compounds, the 91 
MPC-based matrix is more brittle than the Portland cement and sulphoaluminate cement (SAC) based 92 
matrices [27]. One of the most effective ways of reducing the brittleness and improving the toughness 93 
is the addition of steel fibres in the matrix [28]. The MPC can be used as a binder in fibre reinforced 94 
composites. The tensile chemical bond tests revealed better bonding of steel fibre with magnesia 95 
phosphate matrix compared to accelerated calcium aluminate [29, 30]. The steel fibre may improve 96 
significantly the strength of the MPC mortar and reduce the shrinkage of the MPC [31]. Also, the 97 
addition of the proper type and amount of steel fibres into MPC-based matrix lead to composites with 98 
elastic-plastic or deflection hardening behaviour under bending. Not only the quick setting and high 99 
early strength are essential requirements but also a high ductility is needed to guarantee the long life 100 
of the repair. Hence the steel fibre reinforced MPC-based composites are considered suitable as quick 101 
repair materials [32]. While some studies provided preliminary results on the feasibility of steel fibre 102 
reinforced MPC-based composites, a large number of research investigations are still warranted, 103 
which include optimization of the matrix, determination of the type and the volume fraction of fibre, 104 
and improvement of the durability. Compared to the ordinary steel fibre, the micro-steel fibre (MSF) 105 
has the advantages of larger number fibres per kilogram, higher strength and easier dispersion. It was 106 
found that the addition of MSF improved the tensile strength, flexural strength and toughness of the 107 
Reactive Powder Concrete with an ultra-high compressive strength of more than 100 MPa [33-35]. 108 
Hence, MSF has the potential to improve the toughness and ductility of MPC composites. 109 
 110 
This paper describes the strength and toughness of MSF reinforced Magnesium Potassium Phosphate 111 
cement (MPPC) based composites which include a multi-composite retarder. This composite is 112 
termed as MSF reinforced MPPC composite (MSFRMC). The variables investigated include mixture 113 
design parameter (water-cement mass ratio and sand-cement mass ratio), fibre volume fraction and 114 
curing time. Also, the compressive strength and toughness characteristics of MSF reinforced MPPC, 115 
SAC and ordinary Portland cement (OPC) based composites were compared. 116 
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 117 
2. Experimental program 118 
2.1 Materials 119 
The Magnesium Potassium Phosphate Cement (MPPC) was prepared from a mixture of calcined 120 
magnesia (MgO), potassium dihydrogen phosphate (KH2PO4) and multi-composite retarder (CR). The 121 
multi-composite retarder consisted of borax (Na2B4O7·10H2O), disodium hydrogen phosphate 122 
dodecahydrate (Na2HPO4·12H2O) and calcium chloride (CaCl2). The calcined magnesia was sourced 123 
from Zhengyang Casting Material Company of Xinmi, Henan, China [36] in the form of Dead Burnt 124 
Magnesia powder with a specific surface area of 639 m
2
/kg and calcined at 1200° C for 6 h. The detail 125 
oxide composition of calcined magnesia is provided in Table 1. The industrial grade potassium 126 
dihydrogen phosphate (KH2PO4) with a purity of 98%, particle size of 180-385 m  and relative 127 
density of 2.338 was supplied by Weitong Chemical Co., Ltd of Wujiang, Jiangsu, China [37]. The 128 
industrial grade borax (Na2B4O7·10H2O) with a purity of 95% and particle size of 80-220 m  was 129 
provided by Banda Technology Co., Ltd. of Liaoning, China [38]. The analytical grade disodium 130 
hydrogen phosphate dodecahydrate (Na2HPO4·12H2O) with a purity of 99% and calcium chloride 131 
(CaCl2) with a purity of 96% were provided by Kermel Chemical Reagent Co., Ltd. of Tianjin, China 132 
[39]. Tap water, natural river sand with fineness modulus of 2.06 and micro-steel fibre (MSF) with 133 
hooked ends were also used in this study. The properties of MSF provided by the manufacturer [40] 134 
are detailed in Table 2. As shown in Figure 1, the length of the MSF is 13 mm.   135 
  136 
The SAC of Grade P.O 42.5R according to GB20472-2006 [41] and the OPC of Grade P.O 42.5 137 
according to GB175-2007 [42] used in this study were obtained from Anda Special Cement Co., Ltd. 138 
Group of Yicheng, China [43] and Mengdian Group Cement Co., Ltd of Henan, China [44], 139 
respectively.  140 
 141 
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2.2 Mixture proportions 142 
The mole ratio of MgO to KH2PO4 was fixed at 4 (M/P=4) in all MPPC mixtures. The dosage of 143 
multi-composition retarder was 9.0% of MgO by mass for all MPPC composites. The mass ratio of 144 
borax, disodium hydrogen phosphate dodecahydrate and calcium chloride in the multi-composition 145 
retarder was 1:3:1. The MPPC consisted of MgO and KH2PO4. The addition of MSF was by volume. 146 
The SAC and OPC based composites were also prepared to compare the strength characteristics, 147 
flexural toughness and ductility. The mixture proportions of MPPC, SAC and OPC based composites 148 
are listed in Table 3.  149 
 150 
As shown in Table 3, there are three components for the group names of the specimens.  The first 151 
component of the group names is about the type of cement, where the “M”, “S” and “P” represent 152 
MPPC, SAC and OPC, respectively. The second component of the group names is about the variables 153 
of tests, where the “S/C”, “W/C” and “F” represent the sand-cement mass ratio, water-cement mass 154 
ratio and fibre volume fraction, respectively.  For the third component of the group names, the 155 
numbers represent the values of the variables of the second components of the group names. The 156 
default values of the sand-cement mass ratio and fibre volume fraction for all the composites are 1.0 157 
and 1.2%, respectively. The default values of water-cement mass ratio for MPPC, SAC and OPC 158 
based composites are 0.16, 0.35 and 0.37, respectively. When the values of one of the variables are 159 
changing, the values of the other variables are fixed. In the last column of Table 3, the “S” and “F” 160 
represent the strength (compressive and flexural) test and flexural toughness test, respectively. 161 
 162 
2.3 Specimen preparation  163 
Firstly, the magnesium oxide, potassium dihydrogen phosphate, borax and sand were mixed evenly by 164 
a concrete mixer with single horizontal shaft at a low speed. The capacity of the mixer was 20 L. 165 
Secondly, the MSF were slowly added into the mixture. Finally, the water was added slowly into the 166 
mixer for 30 sec, followed by a rapid mixing for 60 sec. The mixture was cast into the steel moulds of 167 
8 
40 mm×40 mm×160 mm and 100 mm×100 mm×400 mm for the strength and flexural toughness tests, 168 
respectively. Next, the steel moulds were compacted on a vibration table. The specimens prepared 169 
with MPPC, SAC and OPC were demolded after 1 hour, 2 hours and 12 hours, respectively, and cured 170 
in the standard curing room with a 95% relative humidity and 20° C temperature. The mixing process 171 
and prepared specimens for flexural toughness test are shown in Figure 2 and Figure 3, respectively. 172 
 173 
The specimens prepared with MPPC for the compressive strength and flexural strength were cured for 174 
6 hours, 12 hours, 1 day, 3 days and 7 days. The specimens prepared with SAC and OPC for the 175 
compressive strength were cured just for 7 days. The specimens of Group M-F-1.2% for the test of 176 
flexural toughness were cured for 1 day, 3 days and 7 days; all the other specimens for the test of 177 
flexural toughness were cured just for 7 days. Three specimens from each group were tested for the 178 
strength and toughness according to GB/T17671-1999 [45] and ASTM C1609 [46], respectively. In 179 
this study, there are totally 195 specimens of 40 mm×40 mm×160 mm and 54 specimens of 100 180 
mm×100 mm×400 mm for the strength test and toughness test, respectively. 181 
 182 
2.4 Workability of the mixtures 183 
The workability of the fresh concrete is usually measured by slump tests [47, 48]. The slumps of the 184 
mixtures were measured according to ASTM C143/C143M-15a [48] using a steel mold, as shown in 185 
Figure 4. After mixing the ingredients (Section 2.3), the mixtures were filled fully in the mold which 186 
was placed on a rigid, flat, level and moist surface. Then, the mold was steadily lifted to about 300 187 
mm.  As shown in Figure 4, the slumps were measured by the vertical difference between the top of 188 
the mold and the displaced centre of the top surface of the mixture.  189 
 190 
2.5 Compressive and flexural strength tests 191 
The compressive strength and flexural strength tests were conducted according to GB/T17671-1999 192 
[45]. A universal testing machine with a capacity of 300 kN was used for the compressive strength 193 
9 
and flexural strength tests, as shown in Figure 4. At first, the 40 mm×40 mm×160 mm prism 194 
specimens with a span length of 100 mm were loaded in the middle until fracture to measure the 195 
flexural strength (Figure 5a). The loading rate was 50 N/s. Afterwards, the two parts of each fractured 196 
prism specimen were placed on the compressive strength test setup with a compression area of 40 197 
mm×40 mm (Figure 5b) to test the compressive strength at a loading rate of 2.4 kN/s. The flexural 198 
strength (
f
f ) was calculated by Eq. (1) and the compressive strength (
c
f  ) was calculated by Eq. (2).  199 











                                                                            (2) 201 
where P  is the maximum load; A  is the area under compression (
2
1600 mmA  for this test); b is 202 
the side length of the square cross-section of the prism specimen ( 40 mmb   for this test); L is the 203 
span length ( 100 mmL  for this test).  204 
 205 
2.6 Flexural toughness test 206 
The 100 mm×100 mm×400 mm prism specimens were tested for flexural toughness according to 207 
ASTM C1609 [46], as shown in Figure 6. The test was conducted by using a universal testing 208 
machine with a capacity of 500 kN. The third-point loading was applied on the prism specimen at the 209 
rate of increase of net deflection of 0.1 mm/min. To achieve accurate net deflection at the midspan 210 
excluding the effects of seating or twisting of the specimen on its supports, a rectangular jig was used 211 
around the specimen. The jig was clamped to the specimen at the mid-depth directly over the supports. 212 
Two linear variable displacement transducers (LVDTs) were mounted on the jig at midspan (one on 213 
each side) to measure the midspan deflection (Figure 6). The average of the two measurements 214 
represented the midspan deflection. The applied load was recorded by a load transducer with a 215 
capacity of 100 kN. All the readings (load and deflection) were collected by a data logger every two 216 
seconds.  217 
 218 
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The ASTM C1609 [39] defines the total area under the flexural load-midspan deflection curve up to 219 
L/150 (L is beam span, L=300 mm for this test) as flexural toughness,
150
D
T  (N·mm). The equivalent 220 
flexural strength ratio, ,150
D












R                                                          (3) 222 
where 1f is the first peak strength (MPa); b  is the width of the specimen ( 100 mmb  for this test); 223 
and h  is the height of the specimen ( 100 mmh   for this test). The flexural toughness, 150
D
T , reflects 224 
the energy absorption capacity of MSF reinforced composites. The equivalent flexural strength ratio, 225 
,150
D
TR , reflects the flexural ductility of MSF reinforced composites determined by the plump degree 226 
(fat or thin) of flexural load-midspan deflection curves. 227 
 228 
3 Results and discussion 229 
Test results of the compressive strength and flexural strength of MSF reinforced MPPC composite are 230 
shown in Table 4. The average compressive strengths of SAC and OPC composites with the addition 231 
of different proportions of MSF by volume for 7-day curing are shown in Table 5 and Table 6, 232 
respectively. The slumps of the mixtures prepared with MPPC, SAC and OPC are summarized in 233 
Table 4, Table 5 and Table 6, respectively. The flexural toughness, 
150
D
T , and the equivalent flexural 234 
strength ratio, ,150
D
TR , calculated by Eq. (3) for the tested specimens are shown in Table 7. 235 
 236 
3.1 Workability of the mixtures 237 
Figure 7 presents the slumps of the mixtures prepared with MPPC. The “S/C” and “W/C” represented 238 
sand-cement mass ratio and water-cement mass ratio, respectively. Figure 8 presents the slump of the 239 
mixtures prepared with SAC and OPC. The proportions of the various mixtures are listed in the Table 240 
3. As shown in the Figure 7, the slumps of the mixtures prepared with MPPC increased from 32 mm 241 
to 45 mm with the decrease of the sand-cement mass ratio from 1.2 to 0.8 and increased from 28 mm 242 
11 
to 52 mm with the increase of water-cement mass ratio from 0.16 to 0.20. Also, the slumps of the 243 
mixtures prepared with MPPC decreased from 57 mm to 24 mm with the increase of the volume 244 
fraction of MSF from 0.0% to 1.6%. As shown in Figure 8, the slumps of the mixtures prepared with 245 
SAC and OPC decreased significantly with the increase of the volume fraction of MSF from 0.0% to 246 
1.6%. The slumps of the mixtures prepared with MPPC were slightly greater than the slumps of the 247 
mixtures prepared with SAC. However, the slumps of the mixtures prepared with MPPC and SAC 248 
were significantly lower than the slumps of the mixtures prepared with OPC. 249 
 250 
3.2 Effect of sand-cement mass ratio on the mechanical properties of MSFRMC 251 
Figure 9 shows the effect of sand-cement mass ratio on the average compressive and flexural strength 252 
of MSFRMC at the curing time of 6 hours, 12 hours, 1 day, 3 days and 7 days. It can be observed that 253 
the average compressive and flexural strengths significantly increased with the increase of the curing 254 
time, especially up to 3 days. The average compressive strengths of specimens with sand-cement mass 255 
ratio of 0.8 (Specimens M-S/C-0.8), 1.0 (Specimens M-S/C-1.0) and 1.2 (Specimens M-S/C-1.2) at 256 
curing time of 3 days developed by about 93.6%, 88.1% and 98.7%, respectively, of the average 257 
compressive strength at 7 days. The average flexural strengths of specimens with sand-cement mass 258 
ratio of 0.8 (Specimens M-S/C-0.8), 1.0 (Specimens M-S/C-1.0) and 1.2 (Specimens M-S/C-1.2) at 259 
curing time of 3 days developed by about 71.0%, 89.0% and 81.6%, respectively, of the average 260 
flexural strength at 7 days. In this experiment, the water-cement mass ratio was kept constant but the 261 
sand-cement mass ratio was changed. The amount of cement and also the amount of water in 262 
specimens of Group M-S/C-0.8 were the largest. Chen [8] reported that larger water content created 263 
more pores inside the MPPC matrix. Therefore, it was expected that the specimens of Group M-S/C-264 
0.8 would contain the highest amount of pores. The compressive and flexural strength of Group M-265 
S/C-0.8 were lower than those of Group M-S/C-1.0 up to 1 day of curing due to the presence of more 266 
pores in Group M-S/C-0.8 specimens. With the further hydration process of MPPC, as the amount of 267 
cement in the paste of Group M-S/C-0.8 was more than the amount of cement in the paste of Group 268 
M-S/C-1.0, the hydration products in specimens of Group M-S/C-0.8 increased more rapidly than the 269 
hydration products in specimens of Group M-S/C-1.0. From 1 day to 3 days of curing, the increase of 270 
12 
the compressive strengths of Group M-S/C-0.8 was significantly more than that of Group M-S/C-1.0. 271 
From 3 days to 7 days of curing, the increase of the flexural strength of Group M-S/C-0.8 was 272 
significantly more than that of Group M-S/C-1.0. The compressive and flexural strength of Group M-273 
S/C-0.8 and Group M-S/C-1.0 specimens were similar at 7 days of curing. Group M-S/C-1.0 274 
specimens had the largest average compressive and flexural strengths at all curing time. However, the 275 
excess sand caused the poor workability of the MSFRMC mixtures as shown in Figure 7. The poor 276 
workability introduced more pores inside the MSFRMC specimens. Also, the amount of cement 277 
gradually decreased with the increase of the sand-cement mass ratio, which resulted in the decrease of 278 
the cementitious hydration products. These factors were responsible for the lower compressive and 279 
flexural strengths of specimens of Group M-S/C-1.2 than the compressive and flexural strengths of 280 
specimens of Group M-S/C-1.0.  281 
 282 
Figure 10 shows the effect of sand-cement mass ratio on the flexural load-midspan deflection 283 
behaviour of MSFRMC specimens. With the increase of sand-cement mass ratio from 0.8 to 1.2, the 284 
cement content in the mixtures decreased and the peak flexural load decreased. The decrease is 285 




T , and equivalent flexural strength ratio, ,150
D
TR , of MSFRMC specimens are 287 
presented in Figure 11. With the increase of sand-cement mass ratio from 0.8 to 1.2, the 
150
D
T  and 288 
,150
D
TR  decreased by 17.39% and 9.88%, respectively. This indicated a moderate reduction in the 289 
flexural toughness and ductility of MSFRMC with the increase of sand-cement mass ratio. As the 290 
cementitious hydration products decreased and the pores inside the specimens increased with the 291 
increase of sand-cement mass ratio, the flexural toughness and ductility of MSFRMC decreased. 292 
 293 
3.3 Effect of water-cement mass ratio on the mechanical properties of MSFRMC 294 
Figure 12 shows the effect of water-cement mass ratio on average compressive and flexural strengths 295 
of MSFRMC at the curing time of 6 hours, 12 hours, 1 day, 3 days and 7 days. Fast development of 296 
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the compressive and flexural strengths could be observed up to 3 days of curing. The average 297 
compressive strength of specimens with water-cement mass ratio of 0.16 (Specimens M-W/C-0.16), 298 
0.18 (Specimens M-W/C-0.18) and 0.20 (Specimens M-W/C-0.20) at 3 days of curing developed by 299 
about 88.2%, 88.1% and 89.7%, respectively, of the average compressive strength of specimens at 7 300 
days of curing. The average flexural strength of specimens with water-cement mass ratio of 0.16 301 
(Specimens M-W/C-0.16), 0.18 (Specimens M-W/C-0.18) and 0.20 (Specimens M-W/C-0.20)  at 3 302 
days of curing developed by about 89.1%, 89.0% and 80.3%, respectively, of the average flexural 303 
strength of specimens at 7 days of curing. Group M-W/C-0.16 specimens showed the highest 304 
compressive and flexural strengths compared to the other specimens at all curing time. With the 305 
increase of water-cement mass ratio from 0.16 to 0.20, the average compressive and flexural strengths 306 
decreased. The large content of the water in the pastes was useful for improving the workability of the 307 
mixture, as presented in Section 3.1. However, the excess water increased the porosity of the MPPC 308 
specimens (Section 3.2) and resulted in the lower compressive and flexural strength.  309 
 310 
Figure 13 shows the effect of water-cement mass ratio on the flexural load-midspan deflection 311 
behaviour of MSFRMC specimens. With the increase of water-cement mass ratio from 0.16 to 0.20, 312 
the water content in the mixtures increased. The increase of water content resulted in the decrease of 313 
peak flexural load. The effect of water-cement mass ratio on flexural toughness,
150
D
T , and equivalent 314 
flexural strength ratio, ,150
D
TR , of MSFRMC specimens are presented in Figure 14. With the increase 315 
in the water-cement mass ratio from 0.16 to 0.20, the flexural toughness, 
150
D
T , decreased by 12.5%. 316 
This indicated that the flexural toughness of MSFRMC decreased significantly with the increase of 317 
water content in the paste. The significant decrease of the flexural toughness of MSFRMC can be 318 
attributed to the presence of more pores inside the MPC specimens due to the increase of water 319 
content. However the equivalent flexural strength ratio, ,150
D
TR , increased by 7.6%. The increment of 320 
,150
D
TR  indicated the slight increase of the flexural ductility of MSFRMC with the increase of water 321 
content. The increase of water content in specimens decreased the compressive strength of MSFRMC. 322 
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However, the increase of water content in specimens reduced the brittleness of the composites and 323 
increased the flexural ductility of MSFRMC. 324 
 325 
3.4 Effect of MSF on the mechanical properties of MSFRMC 326 
Figure 15 shows the effect of the addition of MSF by volume on the average compressive and flexural 327 
strength of MSFRMC at the curing time of 6 hours, 12 hours, 1 day, 3 days and 7 days. It can be seen 328 
that the average compressive and flexural strength noticeably increased with the increase of curing 329 
time. The high early compressive and flexural strengths of MSFRMC were obvious due to the fast 330 
hydration of MPPC, as reported in Ding [9]. The average compressive strength of specimens with 331 
fibre volume fraction of 0.0% (Specimens M-F-0.0%), 0.4% (Specimens M-F-0.4%), 0.8% 332 
(Specimens M-F-0.8%), 1.2% (Specimens M-F-1.2%) and 1.6% (Specimens M-F-1.6%) at 3 days of 333 
curing developed by about 90.0%, 84.8%, 90.7%, 88.1% and 90.4%, respectively, of the average 334 
compressive strength of specimens at 7 days of curing. The average flexural strength of specimens 335 
with fibre volume fraction of 0.0% (Specimens M-F-0.0%), 0.4% (Specimens M-F-0.4%), 0.8% 336 
(Specimens M-F-0.8%), 1.2% (Specimens M-F-1.2%) and 1.6% (Specimens M-F-1.6%)  at 3 days of 337 
curing developed by about 79.7%, 90.2%, 97.6%, 89.0% and 86.6%, respectively, of the average 338 
flexural strength of specimens at 7 days of curing. With the increase of the addition of MSF, the 339 
compressive and flexural strengths of the specimens of MSFRMC improved significantly at all curing 340 
time. Compared to the specimens without MSF, the average compressive strength of the specimens 341 
with the addition of 1.6% MSF by volume cured for 6 hours, 12 hours, 1 day, 3 days and 7 days 342 
increased by about 95.7%, 106.9%, 62.2%, 61.3% and 53.6%, respectively. The average flexural 343 
strength of the specimens with the addition of 1.6% MSF by volume cured for 6 hours, 12 hours, 1 344 
day, 3 days and 7 days increased by about 216.7%, 200.0%, 162.3%, 147.6% and 135.0%, 345 
respectively. It is noted that the addition of MSF in the improvement of the flexural strength was 346 
higher than the improvement of the compressive strength of MPPC composite.  347 
 348 
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Figure 16 presents the effect of the addition of MSF on flexural load versus midspan deflection of 349 
specimens cured for 7 days. All the specimens with MSF showed a ductile failure with the descending 350 
post-peak behaviour, representing a ductile response after the peak load. With the increase of the 351 
addition of MSF from 0.8% to 1.6% by volume, the flexural peak load increased gradually. The 352 




T , and equivalent flexural strength ratio, ,150
D
TR , of the MSFRMC specimens are shown 354 




T , and the equivalent flexural strength ratio, ,150
D
TR , of the specimens increased 356 
significantly by 104.5% and 54.3%, respectively. The equivalent flexural strength ratio, ,150
D
TR , 357 
reflected the flexural ductility of fibre reinforced composites. The flexural ductility of MSFRMC 358 
increased significantly with the increase of the addition of MSF. The addition of MSF prominently 359 
contributed to the development of the flexural toughness and ductility of MSFRMC. It is noted that 360 
the improvement for the addition of MSF on the flexural toughness was higher than the improvement 361 
for the addition of MSF on the flexural ductility of MSFRMC.  362 
 363 
The addition of MSF significantly improved the compressive strength, flexural strength, flexural 364 
toughness and ductility of MPPC composites. It has long been recognized that the steel fibre arrests 365 
the propagation of cracks and delays the onset of cracks in the concrete [49]. In addition, the MSF has 366 
the advantages of having larger number of fibres per kilogram, higher strength and easier dispersion 367 
than the ordinary steel fibre [33-35]. Moreover, it was reported that the bond between steel fibre and 368 
MPPC based matrix was stronger than the bond between steel fibre and the matrices prepared with 369 
SAC and OPC [50]. These might be the reason for the significant improvement of the compressive 370 
strength, flexural strength and flexural toughness of MSFRMC. 371 
 372 
3.5 Effect of different types of cement on the mechanical properties of MSF reinforced 373 
composites 374 
Figure 18 presents the effect of different types of cement on the average compressive strength of 375 
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specimens of MSF reinforced composites for the addition of various volume fractions of MSF at 7 376 
days of curing. The sand-cement mass ratio of MPPC, SAC and OPC based composites was 1.0. As 377 
shown in Figure 18, the average compressive strength of composites prepared by SAC and OPC 378 
increased gradually with the increase of the volume fraction of MSF from 0.0% to 1.6%. The average 379 
compressive strength of composites prepared by MPPC increased significantly with the increase of 380 
the volume fraction of MSF up to 1.2%. With the increase of the volume fraction of MSF from 1.2% 381 
to 1.6%, the average compressive strength of composite prepared by MPPC decreased slightly. It 382 
indicated that the optimal addition of MSF for improving the compressive strength of MPPC based 383 
composite was lower than the optimum addition of MSF for improving the compressive strength of 384 
OPC based and SAC based composites. Although the average compressive strength of MPPC based 385 
composites without the addition of MSF was significantly lower, the average compressive strength of 386 
MPPC, SAC and OPC based composites for the addition of 1.6% MSF by volume was similar. The 387 
average compressive strength of the specimens of MPPC, SAC and OPC based composites with the 388 
MSF volume fraction of 1.6% increased by about 69.8%, 32.3% and 24.8%, respectively, compared to 389 
the average compressive strength of the specimens without MSF. It can be observed that the addition 390 
of MSF exhibited the most effective improvement of the compressive strength on MPPC composite.  391 
 392 
Figure 19 and Figure 20 present the flexural load-midspan deflection curves of SAC-based and OPC-393 
based composites, respectively, cured for 7 days with the addition of various volume fraction of MSF. 394 
With the increase of the addition of MSF from 0.8% to 1.6% by volume, the peak load and fullness of 395 
the flexural load-midspan deflection curves improved significantly. However, the flexural load-396 
midspan deflection curves of SAC-based and OPC-based composites were lower than the flexural 397 
load-midspan deflection curves of MPPC-based composite reinforced with MSF of 1.6% by volume. 398 
Figure 21 and Figure 22 present the effect of cement type on flexural toughness, 
150
D
T ,  and equivalent 399 
flexural strength ratio, ,150
D
TR , respectively, of the composites prepared with MPPC, SAC and OPC, 400 
with varying volume fraction of MSF. With the increase of the addition of 0.8% to 1.6% MSF by 401 
volume, the flexural toughness, 150
D
T , of the composites prepared with MPPC, SAC and OPC 402 
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improved by 104.5%, 52.5% and 38.4%, respectively. The improvement of the flexural toughness of 403 
MPPC-based composite was the most significant. Compared to SAC and OPC, the flexural toughness, 404 
150
D
T , of the MPPC-based composites with the volume fraction of MSF of 1.6% was the largest. With 405 
the increase of the addition of MSF from 0.8% to 1.6% by volume, the equivalent flexural strength 406 
ratio, ,150
D
TR , of the composites with MPPC, SAC and OPC increased by 54.3%, 13.2% and 8.6%, 407 
respectively. The improvement of the flexural ductility of MPPC based composite was the most 408 
significant.  409 
 410 
The effect of MSF on the improvement of the compressive strength, flexural toughness and ductility 411 
for MPPC-based composites was the most significant compared to the improvement of those for 412 
SAC-based and OPC-based composites. The significant improvement of compressive strength, 413 
flexural toughness and ductility of MPPC-based composites was due to the developed bond properties 414 
between MSF and MPPC matrix [50]. 415 
 416 
3.6 Effect of curing time on flexural toughness and ductility 417 
Figure 23 presents the effect of curing time on the flexural load versus midspan deflection of 418 
specimens of Group M-F-1.2%. With the increase of the curing time from 1 day to 7 days, the peak 419 
load of the flexural load-midspan deflection curves increased.  420 
 421 
The effect of curing time on flexural toughness,
150
D
T , and equivalent flexural strength ratio,  ,150
D
TR , of 422 
the MSFRMC specimens are shown in Figure 24. It can be observed that the flexural toughness,
150
D
T , 423 
of the specimens clearly increased with the increase of curing time. The flexural toughness, 
150
D
T  , of 424 




T  , of specimens cured for 7 days.  Also, the equivalent flexural strength ratio, ,150
D
TR , of 426 
the specimens increased during the first 3 days of curing. The equivalent flexural strength ratio, ,150
D
TR , 427 
of the specimens for 3 days and 7 days were similar. It is evident that the rate of increase of the 428 
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flexural ductility was higher than the rate of increase of the flexural toughness of MSFRMC for the 7 429 
day curing period. It can be observed that the flexural toughness and ductility of MSFRMC were 430 
developed significantly during 1 day curing. The high flexural toughness and ductility during 1 day 431 
curing were due to the fast hydration of MPPC [9]. 432 
 433 
4. Conclusions 434 
The mechanical properties of micro-steel fibre (MSF) reinforced MPPC composite (MSFRMC) were 435 
experimentally investigated. The effects of the variables including mixture design parameters, fibre 436 
volume fraction, curing time and types of cement on the strength, flexural toughness and ductility of 437 
MSF reinforced composites were explored. The following conclusions can be drawn: 438 
 439 
1) With the increase of water-cement mass ratio from 0.16 to 0.20, the average compressive strength, 440 
flexural strength and flexural toughness of MSFRMC decreased significantly. However the ductility 441 
of MSFRMC increased slightly. The excess water increased and resulted in the lower compressive 442 
strength, flexural strength and flexural toughness. However, the increase of water content slightly 443 
reduced the brittleness of the matrix. 444 
 445 
2) For the increase of the sand-cement mass ratio from 0.8 to 1.2, the flexural toughness of MSFRMC 446 
decreased significantly, although the flexural ductility of MSFRMC decreased moderately. Sufficient 447 
amount of MPPC in the mixture is necessary to improve the toughness and ductility of MSFRMC. 448 
 449 
3) For the increase of the addition of MSF by volume, the compressive strength, flexural strength, 450 
flexural toughness and flexural ductility of MSFRMC improved significantly. The increase of the 451 
flexural strength was higher than the increase of the compressive strength. The improvement of the 452 
flexural toughness was more than the improvement of the flexural ductility. 453 
 454 
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4) The compressive strength, flexural strength, flexural toughness and flexural ductility of MSFRMC 455 
were very high at early curing time, especially up to 3 days. This was due to the fast hydration of 456 
MPPC. 457 
 458 
5) In comparison to the SAC and OPC based composites, the addition of MSF in MPPC based 459 
composites improved the compressive strength, flexural toughness and flexural ductility more 460 
significantly. The reinforcing effect of MSF on the MPPC based composite is greater than the 461 
reinforcing effect of MSF on the SAC and OPC based composites. 462 
 463 
This study demonstrated, though experimental investigations, the potential of the incorporation of 464 
MSF in improving the strength, toughness and ductility of MPPC based composites. It was also 465 
demonstrated that MSFRMC with various mechanical properties and workability could be prepared. It 466 
is noted that the slump of fresh MSFRMC was lower than the slump of the OPC based composites. 467 
The improvement in the workability of the MSFRMC is necessary for its wide application and is 468 
considered part of the ongoing research studies by the authors.  469 
  470 
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Table 1  641 
Oxide composition of MgO [36] 642 
Composition MgO Fe2O3 SiO2 CaO Others 
Mass fraction of 
the sample (%) 




Table 2  645 
Properties of micro steel fibres [40]  646 





RS60/13-2850 13  0.22 2850 224862 
 647 
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Table 3  648 

















S & F 
M-S/C-1.0 1.0 1.2% 9.0% S & F 
M-S/C-1.2 1.2 
  





S & F 
M-W/C-0.18 0.18 1.2% 9.0% S & F 
M-W/C-0.20 0.20 
  









M-F-0.8% 0.8% 9.0% S & F 
M-F-1.2% 1.2% 
 
S & F 
M-F-1.6% 1.6% 
 




0.0%  S  
S-F-0.4% 0.4%  S  
S-F-0.8% 0.8% 0.0% S & F 
S-F-1.2% 1.2%  S & F 




0.0%  S  
P-F-0.4% 0.4%  S  
P-F-0.8% 0.8% 0.0% S & F 
P-F-1.2% 1.2%  S & F 
P-F-1.6% 1.6%  S & F 
Note: Retarder dosage for all the MPPC composites is 9.0% of MgO by mass. The magnesium 650 
potassium phosphate cement consists of MgO and KH2PO3.  651 
  652 
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Table 4  653 




Average compressive strength (MPa) for 
curing period of  
Average flexural strength (MPa) for 
curing period of  
6 hours 12 hours 1 day 3 days 7 days 6 hours 12 hours 1 day 3 days 7 days 
M-S/C-0.8 45 33.3 37.4 39.0 51.6 55.1 8.8 11.3 12.1 14.7 20.7 
M-S/C-1.0 38 36.1 39.1 45.4 49.7 56.4 11.0 12.7 13.9 18.6 20.9 
M-S/C-1.2 32 31.0 34.7 41.4 45.6 46.2 7.6 8.8 11.4 12.4 15.2 
M-W/C-0.16 28 39.7 43.0 49.9 54.7 62.0 12.1 14.0 16.2 20.5 23.0 
M-W/C-0.18 38 36.1 39.1 45.4 49.7 56.4 11.0 12.7 13.9 18.6 20.9 
M-W/C-0.20 52 30.9 32.3 35.8 44.3 49.4 10.7 11.7 12.4 14.7 18.3 
M-F-0.0% 57 18.2 21.6 26.3 29.8 33.1 3.1 3.7 4.4 4.7 5.9 
M-F-0.4% 62 22.1 28.9 31.2 36.9 43.5 5.9 7.3 8.3 9.2 10.2 
M-F-0.8% 49 29.8 32.3 35.1 44.6 49.2 8.7 10.7 11.7 12.2 12.5 
M-F-1.2% 38 36.1 39.1 45.4 49.7 56.4 11.0 12.7 13.9 18.6 20.9 
M-F-1.6% 24 37.3 40.9 46.7 50.8 56.2 12.3 16.3 17.3 19.4 22.4 
Note: The reported values of strength are the average values of three specimens for each Group.  655 
 656 
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Table 5  657 
Slump and average compressive strength of SAC composite with varying volume fractions of MSF  658 
Group S-F-0.0% S-F-0.4% S-F-0.8% S-F-1.2% S-F-1.6% 
Fibre volume fraction 0.0% 0.4% 0.8% 1.2% 1.6% 
Slump (mm) 41 43 37 21 15 
Average compressive 
strength (MPa) 
41.2 42.9 44.8 49.1 54.5 
Note: The reported values of strength are the average values of three specimens for each Group. Only 659 
the compressive strength was tested for the SAC based composites. 660 
  661 
31 
Table 6  662 
Slump and average compressive strength of OPC composite with varying volume fractions of MSF 663 
Group P-F-0.0% P-F-0.4% P-F-0.8% P-F-1.2% P-F-1.6% 
Fibre volume fraction 0.0% 0.4% 0.8% 1.2% 1.6% 
Slump (mm) 151 146 135 117 102 
Average compressive strength 
(MPa) 
42.8 46.2 48.3 49.4 53.4 
Note: The reported values of strength are the average values of three specimens for each Group. Only 664 
the compressive strength was tested for the OPC based composites. 665 
 666 
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Table 7  667 





Flexural toughness  
150
D
T  (kN·mm) 
Equivalent flexural strength 
ratio ,150
D
TR  (%)  
M-S/C-0.8 
1.2% 7 days 
31.52  68.8 
M-S/C-1.0 30.63  66.6 
M-S/C-1.2 26.04  62.0 
M-W/C-0.16 
1.2% 7 days 
32.18  64.2 
M-W/C-0.18 30.63  66.6 
M-W/C-0.20 28.15  69.1 
M-F-0.8% 0.8% 
7 days 
21.35  48.8 
M-F-1.2% 1.2% 30.63  66.6 
M-F-1.6% 1.6% 43.67  75.3 
 
1.2% 
1 day 25.34  62.0 
M-F-1.2% 3 days 28.40  67.0 




S-F-1.2% 1.2% 28.69  61.9 
S-F-1.6% 1.6% 37.92  69.6 
P-F-0.8% 0.8% 
7 days 
27.99  70.8 
P-F-1.2% 1.2% 33.45  75.9 
P-F-1.6% 1.6% 38.74 76.9 
Note: The reported values are the average values of three specimens for each Group.  669 








Figure 2 Mixing process of MSFRMC mixture 676 
  677 
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(a)                                                                                                      (b) 684 
Figure 4 Slump test: (a) Schematic representation of slump measurement; (b) Photo of the slump measurement685 
37 
 686 
                       687 
(a)                                                            (b)                                                                                 (c) 688 
Figure 5 Flexural and Compressive strength test: 689 
 (a) Schematic representation of flexural strength test, (b) Schematic representation of compressive strength test and (c) Photo of the test  690 
 691 
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 693 
                                                                                           (a)                                                                                                      (b)     694 
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Volume fraction 
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 698 
Figure 7 Slumps of the mixtures prepared with MPPC 699 
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Figure 8 Slumps of the mixtures prepared with SAC and OPC with varying volume fraction of MSF 703 







































































(b)  709 
Figure 9 Effect of sand-cement mass ratio on: (a) average compressive strength and (b) average 710 
flexural strength 711 
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Figure 10 Effect of sand-cement mass ratio on flexural load versus midspan deflection of MSFRMC 715 
cured for 7 days 716 





























































Figure 11 Effect of sand-cement mass ratio on flexural toughness and ductility of MSFRMC cured for 720 
7 days 721 







































































(b)  727 
Figure 12 Effect of water-cement mass ratio on: (a) average compressive strength and (b) average 728 
flexural strength 729 
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Figure 13 Effect of water-cement mass ratio on flexural load versus midspan deflection of MSFRMC 733 
cured for 7 days 734 





























































Figure 14 Effect of water-cement mass ratio on flexural toughness and ductility of MSFRMC cured 738 
for 7 days  739 
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(a)              742 


































Figure 15 Effect of volume fraction of MSF on: (a) average compressive strength and (b) average 745 
flexural strength  746 
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Figure 16 Effect of volume fraction of MSF on flexural load versus midspan deflection of MSFRMC 749 
cured for 7 days 750 











 Equivalent flexural strength ratio
















































Figure 17 Effect of volume fraction of MSF on flexural toughness and ductility of MSFRMC cured 754 
for 7 days 755 
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Figure 18 Effect of volume fraction of MSF on the average compressive strength for MPPC-based, 759 
SAC-based and OPC-based composites cured for 7 days 760 
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Figure 19 Effect of volume fraction of MSF on flexural load versus midspan deflection of SAC based 764 
composites cured for 7 days  765 






























Figure 20 Effect of volume fraction of MSF on flexural load versus midspan deflection of OPC based 769 
composites cured for 7 days 770 




































Figure 21 Flexural toughness of different cements based composites with varying volume fraction of 774 
MSF cured for 7days 775 










































Figure 22 Flexural ductility of different cements based composites with varying volume fraction of 779 
MSF cured for 7days 780 
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 Curing time-1 day
 Curing time-3 days
 Curing time-7 days
 783 
Figure 23 Effect of curing time on flexural load versus midspan deflection of MSFRMC with 1.2% 784 
MSF by volume (Group M-F-1.2%) 785 
  786 
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Figure 24 Effect of curing time on flexural toughness and ductility of MSFRMC with 1.2% MSF by 789 
volume (Group M-F-1.2%) 790 
 791 
